Abstract-The addition of photovoltaics (PV) to a grid impacts the performance of that grid in a number of ways. These impacts limit how much PV can be connected, termed 'hosting capacity (HC)'. The impacts include overvoltage and overloading. Mitigation of impacts can be achieved in different ways: in this paper, upgrade of service cable and feeder cable has been considered, one of the classical solutions. Cable size upgrades to 16, 25 and 35 mm 2 from 10 mm 2 have been studied to mitigate overvoltages in a 28-customer Swedish suburban grid. A stochastic planning-based approach has been used to obtain a performance parameter that can be used to compare the mitigation methods. The results showed an improvement in overvoltage and hosting capacity with cable upgrade. The hosting capacity is also shown to be sensitive to the risk chosen and to the PV size.
INTRODUCTION
The addition of renewable power such as solar power, photovoltaics (PV), to low voltage grids fed by conventional power sources presents benefits to the customer and challenges to the grid operator [1] , [2] . However, occasionally, such distributed sources also have benefits to the grid operator: loss reduction, reduced net consumption from an overlaying grid, improved stability, and improve reliability [3] - [5] . The challenges for the grid operator include overvoltage, voltage unbalance, harmonics, protection operation, reverse power flow, overloading, and undervoltage [5] - [9] . When challenges are considered, there is an allowable level of solar PV power at which the grid operational parameters are just within acceptable limit termed the 'hosting capacity (HC)' [10] , [11] . This allowable limit can be increased by mitigation solutions that could allow more solar PV power to be connected [11] . This can be achieved using either traditional-classical (non-smart) but also smart grid solutions [12] , [13] , [26] . One of the traditional classical solutions is by grid reinforcement by upgrading the cable to a bigger size [14] . Different methods can be used for quantifying the grid performance and thus for quantifying the improvement due to mitigation measures. This study of service and feeder cable upgrade considers the hosting capacity not with line loading in the grid but with overvoltage at customer busses. Other studies have used line loading as the performance index [3] , [16] , [24] . A stochastic hosting-capacity-based approach has been applied in [15] for the negative-sequence voltage (unbalance) due to single-phase PV inverters. The approach was developed further and applied to overvoltage due to single-phase connected PV in [10] . In [10] the hosting capacity was defined as the highest number of customers with PV for which the 90 th percentile of the rms voltage during the worst-case hours remains below 110% of the nominal voltage. The question addressed in this paper is, ''by how much will the hosting capacity change when upgrading service and feeder cables''. In addition, the paper will show how sensitive the hosting capacity is to changes in risk taken by grid operators and to variations in output power from the rooftop photovoltaics.
In this study, similar to studies in [15] and as a continuation of the study in [10] , solar PV are randomly connected and spread over the customers. In addition, the phase to which it is connected is also random [10] . The contribution to understanding of the impact of service or feeder cable upgrade on single phase connected PV on the bus worst case of overvoltage is covered. The cost implication of service of feeder cable upgrade is not analysed in this study. It is limited to the technical impacts of service and feeder-cable upgrade on the hosting capacity for single phase connected PV.
In Section II of this paper, a literature review is presented. Thereafter, section III presents the method used in this study and the grid case study. Section IV and V presents the results and conclusions of this study.
II. LITERATURE REVIEW

A. Background Studies In Sweden and Other Countries
Studies on mitigations of impacts for solar PV connected to a grid have been done in Sweden and other countries [6] , [7] , [9] , [14] , [16] - [19] . The integration of PV has several adverse This work has been financially supported by Skellefteå Kraft Elnät, Umeå Energi and the Swedish Energy Agency 978-1-5386-0517-2/18/$31.00 ©2018 IEEE effects on the grid. These effects lead to a limit in PV that can be integrated called the hosting capacity for that grid [11] . The hosting capacity is determined by deciding on one or more performance indices (PI) for the feeder or network. These could be line loading, voltage magnitude, line losses, protection, stability and power quality indicators [11] . Grid reinforcement by service cable upgrade has been proposed in many studies to solve the feeder overloading [2] . Other studies have stated the benefit of bigger cable size of not only increasing the ampacity but also improving the voltage level [18] , [21] , [22] .
B. Theoretical Review
To illustrate the impact of service-cable size on overvoltage, illustrative circuits are shown in Fig. 1 and Fig. 2 . Fig. 1 shows a two-bus grid without PV connected and Fig. 2 shows the same grid with PV connected. Where Z is the impedance of the line (Z = R + jX), R is the resistance, X is the reactance, V1 is the sending end voltage at bus 1, V2 is the receiving end voltage at bus 2, P and Q are the active and reactive power consumed by the load connected at bus 2 [11] .
Using Fig. 1, (1) can be approximately derived linking the voltages at bus 1 and bus 2. From (1), the last part as shown in (2) indicates the voltage drop along the line.
When PV is connected at bus 2 as shown in Fig. 2 , (1) is modified to include PV power output. This is shown in (2) .
Where PPV is the output power from the PV. From (1), the voltage drop along the line is obtained and shown in (3) .
Similarly, the drop in voltage along the line when a PV plant is connected is shown in (4) .
In addition, considering PV connected with active power output and the service cable to the customer (R ), the voltage variation can be approximated using (5) [11] .
Equations (1), (2), (3), (4) and (5) show that the change in resistance, reactance, X/R ratio and PV output power affects the voltage drop. This in turn affects the hosting capacity for the grid. This theory motivated the upgrade of the service cable to be studied determining the impact on the hosting capacity not on ampacity only but also on the overvoltage.
C. X/R Ratio of the Service Cables
The service cables at 10 mm 2 have an X/R ratio of 0.0481. The upgrades lead to changes in the ratio and are shown in Fig.  3 . Note that the resistance is inversely proportional to the cable size. In this study, only the impact of the active power is considered. However, the reactive power will have an impact on the voltage drop through the X/R ratio shown in the Fig. 3 . 
III. STUDY GRID AND METHOD
The grid used for this study and the method are presented in this section.
A. Studied Grid
The grid used for this study is a Swedish suburban grid with 28 customers at low voltage (0.4 kV). The same grid was used in [10] , [15] and [23] . In its exact topology and parameters, the grid was implemented in Matlab for this study. This grid has customers with a potential to install PV power of size 6 kW, single phase and connected to the grid in any of the three phases [10] .
B. Voltage Calculation
The method used in this study is the stochastic approach of determining the hosting capacity of the grid using voltage magnitudes [10] . In this approach, the network is modelled using the transfer impedance matrix. This matrix links the voltage and current at a particular location in the grid. Equation (6) depicts the relationship between the voltage ( ) and current ( ) with the transfer impedance ( ) .
Equation (6) is used to study disturbances in a grid. In [15] it is used for voltage unbalance studies while in this paper it was used to study voltage rise phenomenon due to single-phase connected photovoltaics. In (6) , is the phase-to-neutral voltage at location m, is the current injected from neutral to phase at location n, and is the transfer impedance. The source impedance between a phase and the neutral is obtained when m equals n. In the presence of multiple photovoltaic sources at the location m, the voltage is the combination of all sources contributing to m and the background or no-load voltage ( ) at the location.
Equation (7) assumes that the system is linear and the variables are complex in nature. Equation (7) is often referred to as 'superposition principle'. The photovoltaic plants are modelled to inject current at the bus. For the grid in [15] and used in this paper, both consumption and production are modelled as a current source in each phase. For a customer at a bus 2 (Fig. 2) , the complex voltage ( ) when the PV plants are injecting a current of is determined by (8) . The consumption at all locations is considered to obtain the voltage.
In (8), is the phase-to-neutral transfer impedance matrix and is the vector of currents taken out by consumption. The currents and are calculated from the consumed/produced active and reactive power in consideration that the voltage at the customer terminals equals the nominal voltage (230 V). The production has a value for a customer and phase when a PV plant is connected. This value is 6 kW production and is the contribution of each customer and phase with PV. The consumption has values for all customers in all the phases and has a range 0 to 250 W in this study. From the complex voltage according to (8) , the magnitude is obtained as an absolute value. The no-load ( ) voltage in the grid during the worst case was uniformly distributed between 238 V and 242 V.
C. Random Connection
The study considers random injection by the customers and connection of PV to the phases of the grid using Monte-Carlo simulations to generate a large number of combinations for customers and phases with PV. For each combination, the highest phase-to-ground voltage was calculated for each customer. From a sample of 10,000, a distribution was obtained. The result of interest is the probability distribution of the worst-case voltage magnitude. Of concern are voltages above the overvoltage limit at 110% of the nominal voltage. The overvoltage risk because of single phase PV being randomly connected to the grid was obtained. For this case, the probability distribution for the worst-case overvoltages and not the probability distribution of the voltage magnitude, for example during one year, was considered. The probability distribution for the worst-case voltage is shown in Fig. 4 for five (NPV = 5) customers with PV. From Fig. 4 , for the purpose of planning, the performance index of 90 th percentile was selected. If one of the customers at 90 th percentile exceeds the overvoltage limit of 110% then the hosting capacity is exceeded. Fig. 5 shows a plot of 90 th percentile of the worst-case overvoltage with limit of 110% as a function of the number of customers with PV in the 28-customer suburban grid. This is with customer service cables at 10 mm 2 and the number of customers with PV increased until 28. The performance index is obtained for 5, 9, 14, 19, 23 and 28 customers with PV [15] for base results in Fig. 5 . A plot of these customers for overvoltages at 110% limit, the total number of customers with PV (NPV) and the 90 th percentile are obtained. A sample of this case is shown in Fig. 6 . This was used to assess the change in performance index for the individual customers. 
D. Performance Index
E. Cable Upgrades
As shown in Fig. 5 , the hosting capacity was determined with service cable size of 10 mm 2 . The hosting capacity is 3 customers with PV (HC = 3). The service cable sizes are upgraded to 16 mm 2 , 25 mm 2 and 35 mm 2 from 10 mm 2 and the hosting capacity was calculated again.
As an addition to service cable upgrades, the feeder cables can be upgraded. The feeder cables and the cable cabinets that they are connecting are shown in Fig. 7 without the service cables. In Fig. 7 , most of the feeder cables are 150 mm 2 in area with two exceptions: B1-B9 and B10-B11. The supply to customers 8 and 9 [15] which are connected to the cable cabinet B11 was specifically studied. These customers (8 and 9) were among customers (inclusive of 17, 18 and 19) with highest overvoltages. This can be seen in Fig. 6 . The upgrade of cable B10-B11 to 150 mm 2 was simulated, with the 90 th percentiles for the different customers. Next, the upgrade of cable B9-B10 to 240 mm 2 was simulated.
IV. SIMULATION RESULTS AND DISCUSSIONS
The results obtained for service cable upgrade are presented in this section. They are grouped into results for hosting capacity (HC) determination with 90 th Percentile, sensitivity analysis and overvoltage at selected customers' bus. A discussion of the results is presented on the last section.
A. Hosting Capacity at 90
th Percentile The results obtained for 90 th percentile with upgrades to 16 mm 2 is shown in Fig. 8 . The results should be compare to The hosting capacity for upgrade to 16 mm 2 , 25 mm 2 and 35 mm 2 sizes is presented in Table I . The 90 th percentile and PV power production of 6 kW were considered when calculating the hosting capacity. The hosting capacity increased with upgrade in the service cable size of 16 mm 2 and 25 mm 2 in Table I . The upgrade in the service cable size from 25 mm 2 to 35 mm 2 did not result in any change in the hosting capacity.
B. Hosting Capacity Sensitivity Analysis
The results obtained for sensitivity analysis to change in the risk namely 75 th , 85 th and 95 th percentiles are shown in Table  II . The results obtained for sensitivity analysis to changes in the output power from the PV, namely 4 kW, 5 kW, 7 kW and 90 th percentile, are shown in Table III . The results in Table II and Table III shows that the hosting capacity is sensitive to the risk taken and the produced power per installation for service cable upgrade to 16 mm 2 and 25 mm 2 . This is an indication of the two indexes having a big impact on the hosting capacity, as seen initially with studies in [10] , with service cable upgrade. For the upgrade from 25 mm 2 to 35 mm 2 , the hosting capacity did not change with the risk taken and power output per installation. This is shown in Table  I, Table II and Table III .
C. Overvoltage at Selected Customers
The results obtained for the overvoltages for 5, 9, 14, 19, 23 and 28 customers with PV and cable upgrade to 25 mm 2 are shown in Fig. 9 . The results obtained in Fig. 9 show improvements in the worst-case overvoltage for most customers. Customers 8, 9, 17, 18 and 19 still had higher worst case overvoltages.
D. Feeder Cables Upgrade
The results obtained for feeder upgrades shown and explained in Fig. 6 are shown in Fig. 10 .
The feeder cable B10-B11 upgrade yields improved overvoltage at most busses. Additional upgrade of B9-B10 results in further reduction in overvoltages at the busses. Fig. 10 shows a combined feeder upgrade and the improvement in the overvoltages. Customers 17 to 19 still show overvoltages for small number of customers with PV. 
E. Discussions
The results in Fig. 8 and Table I shows an improvement in the hosting capacity (to 5 and 6 customers with PV). This is because of decrease in service cable resistance (5) . The change from 25 mm 2 and 35 mm 2 size result in overvoltages reduction with no impact on the hosting capacity. The upgrade of service cable at low PV penetration (NPV = 1 and 2) showed no impact on the hosting capacity and voltages. This is due to the low probability of having an overvoltage: in this case 3.6% (1/28).
The results obtained in Table II and Table III show that the hosting capacity is sensitive to the margin of risk selected and how much the PV plant is injecting into the grid. When the percentile is reduced (the risk of overvoltage is increased), the hosting capacity increases from 3 customers at 90 th percentile to 8 customers at 75 th percentile. The service cable upgrade to 16 mm 2 and 25 mm 2 at 90 th percentile results in increase in hosting capacity from 3 to 5 and 6 customers. At 75 th percentile, the hosting capacity increased to 9 and 10 customers. The reduction in injected power output also increased the number of customers with PV from 3 at 6 kW to 11 at 4 kW; while an increase to 7 kW results in decrease in the hosting capacity to 2 customers. The upgrade in service cable size to 16 mm 2 and 25 mm 2 results in increase in hosting capacity. At 6 kW, it increases to 5 and 6 customers, at 4 kW it increases to 12 and 13 customers while at 7 kW it increases to 3 and 4 customers, respectively. The upgrade from 25 mm 2 to 35 mm 2 did not result in increase in the hosting capacity. Other measures are needed for a further increase in the hosting capacity beyond the values for 25 mm 2 cable size.
The feeder cable upgrades significantly reduced the overvoltage. In addition, the voltages with customers 9 and 10 are somewhat further reduced, but the additional impact of this upgrade remains limited. This is shown in Fig. 10 . Further improvements in the low-voltage network as a whole would require the attention to be directed to customers 17, 18, 19 and 24 ( Fig. 6 and Fig. 10 ). One way is to combine upgrading of feeder and service cables. For customers 17, 18 and 19, the main issue is the presence of nine customers that may possibly have PV downstream of feeder cable B1-B12 (Fig. 7) . Upgrading this cable may be the next step to be considered.
V. CONCLUSION
In this study, a stochastic planning method approach has been used to ascertain the impacts of upgrading service and feeder cables on the hosting capacity. The stochastic approach compares the risk that can be taken (low to high percentile) of the worst-case voltage with an overvoltage limit (performance index). The 90 th percentile with 6 kW, hosting capacity sensitivity analysis and overvoltages at customers was studied.
The results obtained show that the service cable upgrade results in improvements of thermal rating and of hosting capacity. Feeder cable upgrade results in reduced overvoltages with limited benefit. HC is sensitive to the risk taken and the size of power output from the rooftop photovoltaics. The change in HC is huge due to variation in performance index margin (90-75 th percentile selected or 6-4 kW reduction in power output).
In addition, the overvoltages at the customers with PV are improved with increase in service or feeder cable size. For low penetration of photovoltaics (NPV = 1) with 90 th percentile, service cable upgrade does not affect the hosting capacity and overvoltage for customers with PV. The only impact is for the customer with PV. Some customers still had prevalence of overvoltages. The most effective cable size to which the service cable could be upgraded to is 25 mm 2 .
The next step will be to investigate the combinational impact of upgrading feeder cables upstream from grid substation to the customers and including service cables.
